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STATEMENT  OF  THE  PROBLEM  STUDIED 

The  use  of  a  high-temperature  and  high-pressure  plasma  for  ignition  of  solid  propellants 
has  recently  received  considerable  attention.  '  The  use  of  a  plasma  has  revealed  a  burn- 
rate  enhancement  during  the  electrical  discharge  process,  but  it  is  not  clear  why  this 
enhancement  occurs.  The  high  temperatures  and  pressures  produce  a  complex  interaction 
between  the  plasma  and  the  propellant,  as  well  as  it  involves  several  modes  of  energy 
transport.  First,  the  characteristic  velocities  and  thermal  conductivity  of  the  plasma  are 
large,  thereby  producing  high  convective  heat  transfer  coefficients.  Second,  the  plasma 
contains  electrons,  ions,  atoms  and  low  molecular-weight  species  from  the  ablation  of 
capillary  and  electrodes  that  contribute  significantly  to  the  thermal  radiation  in  the  UV- 
visible  wavelength  range.  Third,  as  the  plasma  cools,  in  particular  in  the  interaction 
region  near  the  propellant’s  surface,  heat  is  released  from  recombination  reactions  among 
electrons,  ions,  atoms  and  low  molecular- weight  species.  Finally,  chemical  reactions 
between  products  from  the  solid  propellant  and  products  from  the  plasma  may  enhance 
the  chemical  reactions,  thereby  producing  reduced  ignition  delays  compared  to 
conventional  ignition  systems.  However,  few  studies  are  available  in  the  literature  that 
have  attempted  to  identify  species  that  arrive  and  interact  with  the  pyrolysis  products  of 
the  propellant,  and  the  magnitudes  of  the  transient  radiative  heat  transfer  rates  from 
plasmas  generated  by  capillary  discharges  are  largely  unknown. 

Two  experimental  approaches  were  applied.  A  triple-quadrupole  mass  spectrometer  was 
employed  to  examine  species  from  the  plasma  and  the  pyrolysis  products  from  the 
propellant  generated  by  interactions  with  the  plasma.  A  fast-response  heat  flux  gauge  was 
designed  and  utilized  to  determine  the  transient  variation  of  the  radiant  heat  flux,  with 
specific  emphasis  on  the  UV  to  near-visible  components.  Other  diagnostic  tools  were  also 
used,  including  pressure  transducers,  current  transducers,  and  high-speed  cameras,  as 
well  as  SEM  and  X-ray  facilities.  Results  show  that  neutrals  and  ions  from  the  plasma  are 
present  near  the  propellant  surface,  and  thus  liely  participants  in  enhancement  of  ignition 
and  combustion.  Results  also  show  that  the  radiative  heat  flux  levels  are  extraordinarily 
high,  but  uv-photolysis  is  likely  to  have  an  adverse  effect  on  ignition  and  combustion. 


SUMMARY  OF  MOST  IMPORTANT  FINDINGS 
Species  from  Plasma  Measurements 

One  of  the  potentially  important  interactions  during  a  plasma-propellant  ignition  event  is 
that  of  the  highly  reactive  plasma  species  reacting  with  the  propellant  itself  and  gas-phase 
products  from  propellant  decomposition.  To  determine  what  reactive  species  are  present 
in  the  plasma,  a  series  of  experiments  were  conducted  to  investigate  the  composition  of 
the  plasma  using  molecular  beam  sampling  and  mass  spectrometric  analysis.  The  key 
experimental  variables  were  the  amount  of  energy  input  to  the  plasma  generator  and  the 
type  of  capillary  material,  in  this  case  polyethylene  and  Lexan.  Limited  testing  was  also 
done  with  Teflon. 

The  overall  experimental  set-up  for  these  studies  is  presented  in  Fig.  1.  The  pulse 
forming  network  is  based  on  a  resistance-inductance-capacitor  circuit,  which  is  mainly 
composed  of  an  energy  storage  component  that  consists  of  two  high-voltage  fast- 
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discharge  capacitors  connected  in  parallel  to  yield  a  total  capacitance  of  192  pF,  pulse¬ 
shaping  components  including  a  20  pH  inductor  and  a  crowbar  diode,  and  a  floating  high- 
voltage  mercury  switch  (ignitron)  as  the  trigger  unit.  The  capacitors  can  be  charged  up  to 
10  kV  corresponding  to  maximum  energy  storage  of  9.6  kJ.  The  plasma  chamber  consists 
of  a  capillary  liner,  a  fine  metallic  wire,  electrodes,  and  other  conducting  or  non¬ 
conducting  housing  hardware.  The  electrodes  are  made  of  erosion-resistant  material, 
elkonite,  a  copper-tungsten  alloy  (30%  Cu,  70%  W).  Inside  the  capillary  is  a  fine  copper 
filament  (0.08  mm)  connecting  the  electrodes  and  serving  as  the  discharge  initiator.  After 
being  formed  immediately  upon  triggering  the  ignitron,  the  generated  plasma  flows 
through  a  nozzle  that  has  typical  dimensions  of  3.2  mm  [inner  diameter  (ID)]  and  13.5 
mm  (length)  into  open  air  or  a  closed  chamber. 


The  mass  spectrometer,  also  depicted  in  Fig.  1,  is  an  Extrel  triple-quadrupole  mass 
spectrometer  (TQMS)  with  two  sampling  schemes:  one  using  tubular  microprobes  and 
the  other  using  a  cone  skimmer  configuration.  In  microprobe  sampling,  two  quartz  probes 
are  usually  used.  The  primary  probe  has  dimensions  of  50  mm  (length),  2  mm  (ID)  and 
3.2  mm  [outer  diameter  (OD)];  its  front  end  is  fabricated  by  pulling  during  torch  heating 
to  form  a  conical  tip,  which  is  then  ground  to  open  an  orifice  of  about  50  pm  in  diameter. 
The  secondary  probe  (not  shown  in  the  figure)  is  120  mm  (length),  4  mm  (ID)  and  6.35 
mm  (OD).  The  orifice  of  the  secondary  probe  is  about  100  pm,  which  is  placed  behind 
the  primary  probe  with  a  gap  of  ~1:0  mm.  The  advantages  of  the  microprobe  sampling 
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are  better  spatial  resolution  and  larger  strength  to  take  higher  pressures  in  the  test 
chamber.  In  the  cone-skimmer  scheme,  a  cone-shaped  sampler  is  used,  which  is  20  mm 
long  and  has  an  orifice  of  100  pm  at  its  apex.  The  selection  of  relatively  large  included 
angles  (interior  50  deg  and  exterior  55  deg)  is  expected  to  allow  a  “free”  expansion  for 
the  supersonic  jet  developing  inside.  The  skimmer  is  comparatively  large  both  in  length 
(50  mm)  and  in  orifice  diameter  (1.5  mm),  and  has  a  55  deg  interior  angle  and  a  60  deg 
exterior  angle.  The  use  of  cone-skimmer  scheme  enables  molecular  beam  sampling  to 
directly  probe  unstable  intermediate  species  such  as  radicals  and  ions,  which  is  desirable 
for  applications  like  plasma  species  measurements.  The  ionizer  is  an  Extrel  cross-beam- 
deflector  ionizer,  which  is  a  combination  of  an  axial  ionizer  mounted  perpendicularly  to 
the  mass  filter  axis  and  a  small  quadrupole  deflector  energy  filter. 

Initial  efforts  in  plasma  species  measurements  were  made  to  directly  probe  the  species  of 
plasma  jets  during  freely  expanding  in  open  air.  However,  it  was  soon  found  that  the 
temporal  mismatch  between  the  plasma  pulse  of  less  than  0.3  ms  and  the  requirement  for 
sampling  duration  by  the  mass  spectrometer,  ~1  ms,  made  direct  sampling  from  the  jet 
practically  impossible.  Furthermore,  the  presence  of  metallic  particles  in  the  plasma  jet 
renders  difficulty  in  protecting  the  sampler  orifice  from  enlargement  or  even  damage, 
which  is  especially  true  for  the  cone-skimmer  configuration.  To  circumvent  these 
difficulties,  a  plasma-holding  chamber  is  used,  as  shown  in  Fig.  1. 

The  plasma-holding  chamber  is  a  small  cylindrical  chamber  with  one  end  attached  to  the 
plasma  generator  and  the  other  extending  to  a  test  chamber  and  interfacing  with  the 
sampling  probe  through  a  small  nozzle  of  a  1  nun  orifice  to  slow  down  the  flow  out  of  the 
chamber.  Tubular  sleeves  of  different  sizes  and/or  materials  can  be  inserted  in  the  holding 
chamber  to  vary  its  actual  volume.  The  experiments  involved  the  use  of  metal 
(aluminum)  and  nonmetal  (PE,  Lexan,  or  Teflon)  materials.  The  test  chamber,  which 
interfaces  with  the  mass  spectrometer  through  a  flange  that  holds  the  primary  microprobe 
or  the  cone,  has  a  lOx  lOx  10  cm  internal  volume  and  is  equipped  with  a  6.5  cm  circular 
window  for  photography. 

Other  supplementary  measurements  made  during  the  experiments  include  pressure 
histories  in  the  holding  chamber,  images  of  the  secondary  jet,  and  diode  signals  that 
monitor  the  discharge  process  of  the  secondary  jet.  These  measurements  are  an  aid  in 
interpreting  the  species  data.  The  setup  for  these  measurements  is  also  illustrated  in  Fig. 
1. 

Key  information  for  those  who  may  do  modeling  of  the  results  of  these  experiments  is  the 
atomic  composition  of  the  plasma.  Although  the  capillary  plasma  is  initiated  by 
vaporization  of  the  exploding  wire  and  sustained  by  ablation  of  the  capillary  wall 
material,  the  wire  and  the  capillary  are  not  the  only  sources  for  the  plasma  mass.  The  total 
mass  of  the  plasma  jet  is  composed  of  contributions  from  several  sources,  which,  in 
addition  to  the  trigger  wire  and  capillary,  also  include  the  end  electrode  (anode),  the 
nozzle  (cathode),  and  the  air  that  is  initially  trapped  in  the  capillary.  Generally,  because 
the  nozzle  undergoes  intense  radiative  and  convective  heating  by  the  plasma  flowing 
through  it  at  high  velocities,  ablation  of  its  wall  material  provides  a  major  fraction  to  the 
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total  plasma  mass.  As  a  result,  the  mass  of  metallic  particles  contributes  a  major  part  to 
the  total  mass  of  the  plasma  jet  as  shown  in  Fig.  2a.  However,  by  mole  fraction,  it  is  the 
elements  (H  and  C)  from  the  capillary  that  dominate  over  all  other  species  as  indicated  in 
Fig.  2b.  Therefore,  the  capillary  mass  loss  due  to  ablation  is  of  great  importance  to  the 
chemistry  of  the  plasma. 


Figure  2.  Composition  of  plasma  showing  contributions  of  material  from  exploding  wire 
and  the  electrodes 

Spectroscopic  measurements  by  Kohel  et  al.  [9]  showed  that  the  plasma  temperature  in 
the  region  of  upstream  of  the  Mach  disk  is  about  23,400  K  at  30  ps  after  the  pulse 
discharge  begins  for  a  charging  voltage  at  5  kV.  Inside  the  capillary,  the  temperature 
must  be  even  higher.  At  these  temperatures,  the  plasma  is  almost  completely  composed 
of  atomic  species,  mainly  including  C,  H,  C+,  H+  and  electrons  for  PE  material,  and  with 
the  addition  of  O  and  0+  for  Lexan  plasma.  After  entering  the  holding  chamber, 
recombination  of  these  atomic  species  takes  place  as  the  temperature  drops  due  to  a 
combination  of  heat  transfer  to  walls  and  turbulent  mixing  with  background  gases.  Heat 
transfer  and  mixing  will  also  occur  within  actual  PPI  systems,  so  the  processes  in  the 
holding  chamber  approximate  those  that  occur  in  actual  applications. 
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Sampling  of  species  from  the  plasma  was  initially  performed  through  scanning  over  all 
possible  species  resulting  from  recombination.  Variation  in  test  conditions  included 
plasma  source  material,  location  of  sampling  probe  in  the  jet,  plasma  energy,  and  initial 
background  conditions.  For  all  conditions  considered,  the  recombined  species  that  could 
be  consistently  detected  were  found  to  have  mass-to-charge  ratios  (m/z)  of  28,  27,  26,  16, 
15,  2,  and  1  for  PE  and  Lexan.  In  some  tests,  species  at  m/z  of  44,  30,  and  25  also 
appeared,  but  their  signals  were  usually  small  and  they  were  not  consistently  detectable. 
Table  1  presents  the  major  species  that  are  present  at  each  m/z.  Differentiation  of  species 
that  have  the  same  m/z  value  was  enabled  through  an  analysis  of  daughter  ions  using 
MS/MS. 


Table  1.  Major  signals  and  corresponding  species 


m/z 

44 

30 

28 

27 

26 

25 

16 

15 

2 

1 

Ions 

co2+ 

c2h6+/no+ 

c2h4+/co+ 

c2H3+ 

c2H2+ 

c2h+ 

O 

X 

+ 

O 

X 

+ 

h2+ 

H 

Species 

C02 

c2h6/no 

C2H4/CO 

C2H3 

C2H2 

c2h 

ch4 

ch3 

h2 

H 

An  important  issue  was  to  establish  whether  the  radical  species,  e.g.,  H  and  C2H3,  in  the 
plasma  were  actually  present  or  whether  they  were  products  of  the  electron  impact 
ionization  process,  even  though  a  rather  low  energy  of  22  eV  was  being  used. 
Comparison  of  the  fragmentation  patterns  of  key  stable  species  such  as  C2H4  and  C2H2 
showed  that  radical  species  were  indeed  being  detected.  Details  of  this  study  are 
presented  in  Ref.  10. 

A  series  of  experiments  were  perfonned  to  investigate  the  effect  of  input  electrical  energy 
on  the  recombination  of  plasma  for  charging  voltages  ranging  from  3  to  6  kV, 
corresponding  to  electrical  energies  of  0.86,  1.56,  2.40,  and  3.46  kJ.  The  plasma 
chemistry  was  varied  through  the  use  of  different  materials,  PE  or  Lexan,  for  the  capillary 
and  the  holding  chamber  insert.  The  typical  results  from  these  plasmas  are  presented  in 
Fig.  3,  where  the  relative  intensities  of  smaller  species  expressed  as  ratios  over  the 
intensity  of  m/z=28  are  plotted  against  four  charging  levels  of  3,  4,  5,  and  6  kV.  The 
intensities  for  all  species  considered  are  averaged  over  the  time  period  during  which  the 
jet  issues  from  the  plasma  holding  chamber. 

The  data  show  that  an  increase  in  charging  voltage  increases  the  relative  intensities  of 
smaller  species  for  PE  plasma,  which  is  especially  true  for  FE  (2),  CH3  (15),  and  CH4 
(16).  This  trend  is  an  indicator  that  the  plasma  energy  strongly  affects  the  recombination 
process,  showing  that  smaller  molecules  become  increasingly  dominant  in  the  jet  as  more 
energy  is  deposited  into  the  plasma.  The  abundance  in  hydrogen  atoms  and  molecules 
may  be  a  crucial  factor  in  performance  enhancement  observed  in  ETC  guns.  For  Lexan 
plasma,  the  energy  effect  is  also  evident,  and  the  general  trend  still  applies  that  higher 
plasma  energies  increase  the  relative  intensities  of  smaller  species. 
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Comparing  the  data  for  the  two  materials  shows  that  for  the  Lexan  plasma  the  relative 
intensities  of  species  at  m/z  =  27  is  significantly  lower,  and  that  the  species  of  m/z  at  28 
dominates  over  all  other  species  in  the  jet.  This  is  reasonable  given  that  fact  that  Lexan 
([Ci6Hi4C>3]n)  contains  oxygen  and  thus  has  more  CO  formed  in  the  recombination 
contributing  to  mass  28. 

Limited  testing  was  done  with  Teflon  capillaries  to  compare  them  to  the  polyethylene 
results.  In  these  tests,  the  plasma  from  a  Teflon  capillary  was  fired  into  the  holding  chamber, 
which  was  lined  with  Teflon.  The  species  identified  were,  in  a  descending  order  of  intensity 
of  signal:  C2H4,  CO,  H20,  HF,  H2CO,  C2H6,  NO,  C02,  CF,  F,  C2H3,  HCN,  C2H2,  F2, 
H4C2F,  C2H,  CF2,  H2C2F,  CF3,  COF2,  H2,  H3C2F,  and  N02.  Figure  4  compares  the  signals 
for  the  Teflon  tests  and  a  comparable  PE  test.  The  presence  of  HF  and  F  in  the  Teflon 
species  may  account  for  the  greater  mass  losses  that  are  observed  with  Teflon  compared 
to  PE. 
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Species  from  Plasma-Propellant  Interactions 

Studies  were  conducted  to  investigate  the  details  of  the  effects  of  plasma  interaction  with 
perforated  JA-2  propellants  samples  that  had  been  used  in  the  mass  loss  testing  conducted 
under  a  previous  grant  from  ARO.  Examination  of  the  samples  after  impingement 
showed  changes  in  color  and  surface  morphology.  The  color  change  is  from  dark  green  to 
yellow  green  occurring  in  a  layer  from  the  exposed  surface  down  to  about  1—1.5  mm. 
Blisters  are  observed  along  the  side  surface  of  this  layer.  The  plasma  created  a  pitted  area 
about  6-8  mm  in  diameter  that  was  recessed  about  0. 5-1.0  mm  from  the  original  surface. 

A  detailed  morphological  analysis  of  this  significantly  modified  surface  was  conducted 
using  SEM  coupled  with  x-ray  detection  for  examination  of  any  elemental  variation. 
Figure  5  presents  SEM  microscopic  images  of  the  affected  area  with  different 
magnifications;  for  comparison,  an  image  of  the  virgin  sample  is  also  included  in  the 
figure.  The  SEM  images  show  that,  compared  to  the  virgin  sample,  the  exposed  sample 
has  dramatic  changes  in  its  surface  morphology.  Deformation  of  the  perforations  was 
found  to  be  pronounced  also.  Evidences  of  melting,  blisters  as  well  as  pits  are  evident  on 
the  surface  at  higher  magnification. 

As  noted  in  the  previous  section,  the  plasma  jet  is  composed  of  contributions  from 
several  sources,  including  the  end  electrode  (anode),  trigger  wire,  nozzle  (cathode), 
capillary,  and  the  air  that  is  initially  in  the  capillary.  As  a  result,  although  by  mole 
fraction  the  species  from  the  hydrocarbon  capillary  dominate  (about  90%)  all  other 
species,  by  mass  fraction,  it  is  the  metals  whose  mass  dominates  the  total  mass  of  the 
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plasma  jet.  Therefore,  it  is  not  surprising  that  there  are  metallic  particles  present  on  the 
sample  surface.  The  SEM  images  also  show  a  broad  size  range  of  these  particles,  from 
one-tenth  of  a  micron  up  to  50  microns. 


Figure  5.  Microscopic  images  of  virgin  and  plasma-exposed  propellant  samples. 


These  particles  and  their  surrounding  area  were  examined  using  an  x-ray  detector,  the 
EDS,  to  identify  the  elemental  compositions  involved,  and  the  results  are  shown  in  Figure 
6.  The  spectrum  of  a  virgin  JA2  sample  (Fig.  6a)  shows  the  relative  intensities  of  the 
elements  contained  in  the  propellant.  The  lack  of  hydrogen  (H)  in  the  spectrum  is  due  to 
the  fact  that  the  smallest  atomic  element  that  the  EDS  can  detect  is  carbon  (C).  The 
results  for  the  exposed  JA2  sample  are  given  in  Figs.  6b  and  6c,  where  the  spectra  were 
obtained  from  scanning  over  two  large  particles  and  a  small  circular  region  surrounding 
the  particle.  It  was  found  that  one  particle  contains  copper  (Cu)  and  tungsten  (W),  while 
the  other  only  tungsten.  It  is  noted  that  particles  that  contain  only  copper  were  also 
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detected.  The  elements  of  carbon,  nitrogen  (N),  and  oxygen  (O)  are  from  the  surrounding 
area.  Figure  6d  shows  the  spectrum  scanning  over  a  small  area  within  which  no  clear 
evidence  of  particles  is  seen  on  the  surface;  however,  tungsten  can  still  be  detected.  This 
may  suggest  possible  penetration  of  particles  into  the  sample  given  the  fact  that  in-depth 
detection  of  the  x  ray  can  be  a  few  microns.  It  is  also  possible  that  a  very  thin  film  of  the 
metal  particles  is  formed  on  this  area  of  the  surface  by  a  process  similar  to  chemical 
vapor  deposition. 
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Figure  6.  X-ray  spectra  of  virgin  and  plasma-exposed  propellant  sample:  a)  virgin 
sample;  b)  over  a  large  particle  on  the  exposed  sample;  c)  over  a  different  large  particle; 
d)  over  a  small  affected  area  without  particles. 


Another  interesting  finding  is  that,  compared  to  the  spectrum  of  the  virgin  JA2,  the 
spectra  of  the  exposed  sample  seem  to  suggest  that  the  sample  has  lost  some  carbon, 
because  the  intensity  of  carbon  was  significantly  decreased.  This  result  seems  to  suggest 
that  species  containing  carbon  may  be  the  major  decomposed  products  leaving  the 
propellant  sample  during  the  plasma  interaction. 

These  observed  surface  phenomena  are  a  strong  indicator  that  in-depth  heating  causes 
decomposition  of  the  propellant.  Some  of  the  gaseous  decomposition  products 
accumulated  in  bubbles  that  burst,  leaving  pits  in  the  surface;  others  remained  trapped 
inside  the  propellant  resulting  in  internal  bubbles  and/or  blisters.  The  surface 
modification  also  suggests  erosive  ablation  of  surface  material  due  to  intense  heating  and 
dynamic  interaction  by  the  plasma  jet.  This  intense  heating  primarily  results  from 
radiative  and  convective  heat  transfer  as  well  as  from  shock  impingement  heating.  In- 
depth  gasification  and  surface  ablation  result  in  mass  loss  of  the  propellant  sample. 


10 


Radiative  Heat  Transfer  Measurements  from  Plasma 

This  part  of  the  project  was  focused  on  measurement  of  the  transient  radiative  flux  and  its 
interaction  with  a  solid  propellant.  Additionally,  for  a  better  understanding  on  the  role  of 
thermal  radiation  during  ETC  ignition,  the  species  evolved  from  radiative  heating  were 
collected  and  analyzed.  In  the  early  part  of  the  project,  a  thin  film  heat  flux  gage  was 
successfully  developed,  and  coupled  with  the  use  of  an  inverse  data  reduction  scheme, 
the  transient  variation  of  the  radiant  flux  was  deduced.  Initial  success  of  this  thin  film 
heat  flux  gage  prompted  its  further  development  to  allow  measurement  of  much  higher 
heat  flux  levels.  However,  the  inverse  data  reduction  scheme  required  an  extension  to 
heat  conduction  in  two  dimensions.  The  thin  film  heat  flux  gage  was  utilized  in  numerous 
material  dependence  and  parametric  studies.  Finally,  transparent  and  black  JA2  samples 
were  exposed  to  ETC  radiation,  and  gas  phase  species  produced  from  these  propellant 
samples  were  analyzed  using  FTIR  spectroscopy,  and  time-of-flight  (ToF)  mass 
spectrometry. 

In  these  experimental  studies,  an  ETC  plasma  was  generated  by  exploding  a  thin  metallic 
trigger  wire,  placed  within  a  hydrocarbon  capillary.  A  pulse-forming-network  (PFN) 
circuit  supplies  the  required  electrical  energy  to  explode  the  wire.  Once  evolved,  the 
plasma  sustains  itself  by  ablating  the  hydrocarbon  capillary,  and  emerges  in  an  open-air 
environment  as  an  underexpanded  supersonic  jet.  The  plasma  jet  then  impinges  over  a 
stagnation  plate  that  holds  the  heat  flux  and  pressure  gages.  A  Cordin  high-speed  CCD 
camera  captures  the  relevant  dynamics  of  the  plasma  jet.  Additionally,  current 
transducers  are  utilized  to  measure  the  current  and  voltage  across  the  capillary.  During 
these  studies  three  different  capillary  and  exploding  wire  materials  were  used: 
polyethylene  (PE),  lexan  (LE),  and  Teflon  (TE)  as  capillaries  with  copper  (Cu), 
aluminum  (Al),  and  nickel  (Ni)  as  wires.  Length  and  diameter  of  the  capillary  were 
26mm,  and  3mm  respectively.  For  most  of  the  experiments,  trigger  wire  mass  was  3.6mg. 
Nozzle  exit  to  stagnation  plate  distance  was  varied  between  5  to  75mm,  and  the  plasma 
charging  voltage  varied  between  2.5  to  7.5kV.  The  experiments  utilized  two  PFN  circuits 
with  different  capacitors  ( 1 92pF  and  865pF).  Other  important  components  of  the  PFN 
circuit  comprise  a  20pH  inductor,  a  floating  high-voltage  mercury  switch  as  ignitron,  as 
well  as  an  electrical  circuit  for  charging  the  capacitor,  and  triggering  the  ignitron.  As  the 
PFN  circuit  is  a  slightly  under-damped  RLC  circuit,  a  crowbar  diode  is  utilized  to 
prohibit  the  reverse  flow  of  current  through  the  capacitor.  The  trigger  wire  and  the 
plasma  act  as  the  electrical  resistance  of  the  RLC  circuit.  A  high-resistance  bypass  is  also 
introduced  for  extra  safely  as  well  as  voltage  measurement  across  the  capillary.  Figure  7 
shows  the  PFN  circuit,  plasma  chamber  and  the  stagnation  plate  location. 

During  this  project,  considerable  efforts  were  expended  for  the  design  and  manufacturing 
a  reliable  heat  flux  gage  that  can  be  utilized  in  a  highly  transient  and  electrically  noisy 
environment.  Initially  a  thin  film  gage  was  developed  by  sputtering  80  nm  platinum  over 
a  polyimide  substrate.  Figure  8  shows  the  layer  design  of  the  gage  as  well  as  the  LM134 
constant  current  electrical  circuit  attached  to  it.  For  high  heat  flux  measurements,  the 
design  was  improved  by  replacing  the  polyimide  substrate  with  sapphire.  For  both  the 
cases,  a  fused  silica  window  (transparent  between  170-3000nm  wavelength  range)  blocks 
the  convective  flux  to  reach  the  heat  flux  gages. 
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Typical  current-voltage  transience  across  the  PE  capillary,  during  the  explosion  of  a 
3.6mg  Cu  wire,  is  shown  in  Fig.  9.  The  charging  voltage  was  varied  from  2.5kV  (0.90kJ) 
to  4.0kV  (1.56kJ).  Figure  10  shows  the  transient  variation  in  stagnation  pressure,  radiant 
flux,  and  the  gage  temperature  for  2.5kV  plasma  charging  voltage,  and  50mm  distance 
from  the  plasma  exit  port  to  the  stagnation  plate.  The  voltage  shows  a  quasi-steady 
behavior  after  the  initial  sharp  peak,  indicating  the  trigger  wire  explosion.  The  quasi¬ 
steady  nature  of  the  corresponding  plasma  jet,  implying  clear  structures  of  an 
underexpanded  jet,  is  shown  in  Fig.  11.  The  pressure  peak  shows  the  arrival  of  precursor 
shock  at  the  stagnation  plate.  Radiant  heat  flux  reaches  its  peak  value  simultaneously  as 
the  current  peak,  preceding  the  pressure  peak.  It  is  also  observed  that  a  faster  plasma 
formation  can  be  achieved  by  increasing  the  charging  voltage.  The  studies  also  show  that 
multistage  radiative  heating  occurs  when  the  plasma  jet  is  allowed  to  travel  larger 
distance.  The  gage  design,  experimental  detail,  as  well  as  the  radiant  heat  flux  estimation 
procedure  are  discussed  elsewhere  in  detail.1 1 
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Fig.  9.  Current  and  voltage  drop  in  electrical 
circuit  for  3.2  mm  diameter  polyethylene 
capillary  for  charging  voltages  of  2.5  (0.6kJ), 
3kV  tO.86k.TT  and  4kV  tl  56k.TV 
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Fig.  10.  Pressure,  temperature,  and  radiant  flux  at 
the  stagnation  location  for  2.5kV  (0.90kJ) 
plasma;  stagnation  plate  to  plasma  exit  port 
distance  =  50mm 


Fig.  11.  Side  view  image  of  plasma  jet 
for  2.5kV  (0.90kJ)  charging  voltage. 


With  the  initial  success  of  the  radiant  flux,  and  stagnation  pressure  measurement,  a 
material  dependence  study  was  undertaken.  Three  different  capillary  materials,  namely, 
polyethylene,  Lexan,  and  Teflon  were  combined  with  three  trigger  wire  materials, 
copper,  aluminum,  and  nickel.  For  all  the  experiments,  following  parameters  were  kept 
constant:  charging  voltage  2.5kV  (0.90kJ),  plasma  exit  port  to  stagnation  plate  distance 
50mm,  and  trigger  wire  mass  3.6mg.  Electrical  current  and  voltage,  radiant  heat  flux,  as 
well  as  the  stagnation  pressure  were  measured.  Figure  12  shows  the  transient  variation  in 
electrical  current  and  voltage  for  all  capillary  and  wire  material  combinations.  Figure  13 
shows  the  transient  variation  in  the  radiant  flux,  stagnation  pressure,  and  the  temperature 
rise  of  the  heat  flux  gage.  Table  2  show  the  corresponding  ablation  loss  measured  by  a 
sensitive  balance.  Results  reveal  substantial  differences  in  all  measured  parameters 
depending  on  the  capillary,  and  trigger  wire  materials.  It  is  found  that  higher  material 
ablation  leads  to  higher  stagnation  pressure,  and  lower  radiant  heat  flux.  LE-A1 
combination  yielded  maximum  peak  heat  flux,  whereas  TE-Ni  combination  produced 
maximum  peak  value  of  stagnation  pressure.  Duration  of  the  plasma  initiation  and 
formation  process  is  also  found  to  be  material  dependent.  Detailed  discussion  of  the 
material  dependence  studies  are  reported  elsewhere.12 
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Fig.  12.  Electrical  current  and  voltage  Fig.  13.  Transient  pressure,  temperature, 
across  capillary  for  different  capillary  and  and  heat  flux  at  the  stagnation  location  (50 
wire  materials;  charging  voltage  2.5kV  mm  from  plasma  exit  port)  for  PE 
(0.90kJ)  capillary;  charging  voltage  2.5kV  (0.90kJ) 
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Table  2.  Mass  ablated  as  well  as  average  voltage  and  current  for  different  capillary  and  wire 
material  combinations. 


Material 

Ablated  mass 

(mg) 

Capillary 

(%) 

Nozzle 

(%) 

Electrode 

(%) 

Wire 

(%) 

V 

'  ave 

(kV) 

lave 

(kA) 

PE+Cu 

6.93 

26.44 

15.53 

6.10 

51.93 

1.007 

2.609 

PE+A1 

6.57 

17.26 

20.66 

7.25 

54.13 

0.984 

2.649 

PE+Ni 

6.19 

26.39 

11.68 

3.76 

58.17 

1.070 

2.632 

LE+Cu 

6.95 

40.26 

5.42 

2.55 

51.77 

1.000 

2.719 

LE+A1 

7.15 

32.60 

8.43 

9.03 

50.33 

0.961 

2.715 

LE+Ni 

6.52 

38.34 

2.04 

4.41 

55.21 

1.076 

2.832 

TE+Cu 

10.83 

56.31 

7.89 

2.57 

33.23 

0.990 

2.922 

TE+A1 

10.20 

54.24 

6.44 

4.03 

35.29 

0.970 

2.778 

TE+Ni 

11.23 

57.86 

8.31 

1.78 

32.05 

1.054 

2.949 

Previous  study  showed  that  the  platinum  on  polyimide  heat  flux  gage  was  destroyed  even 
for  moderate  energy  level  plasmas  [11].  After  careful  examination  of  the  material 
thermophysical  properties,  the  platinum  thin  film  was  sputtered  over  sapphire  instead  of 
polyimide.  It  was  observed  that  the  newly  designed  heat  flux  gage  successfully  measures 
large  radiant  fluxes.  The  new  gage,  however,  due  to  larger  thermal  penetration  depth, 
requires  a  multidimensional  algorithm  for  radiant  heat  flux  calculation.  A  two-dimensional 
inverse  scheme  was  formulated  to  address  this  issue.  The  algorithm  was  developed  around 
conjugate-gradient  optimization  technique  with  iterative  regularization.  Two-dimensional 
effects  were  quantified  and  the  general  criteria  for  identifying  multidimensional  effects  in 
heat  flux  gages  were  established.  Figure  14  shows  the  perfonnance  of  one-  and  two- 
dimensional  (1-D  and  2-D)  algorithms  in  estimating  radiant  flux  from  a  7.5kV  (5.4kJ) 
plasma  jet.  The  plasma  was  generated  in  a  3mm  diameter,  26mm  long  polyethylene 
capillary,  by  exploding  3.6mg  copper  trigger  wire.  Plasma  exit  port  to  stagnation  plate 
distance  was  fixed  at  50mm.  The  figure  shows  substantial  mismatch  between  the  two 
formulations.  Table  3  shows  the  two-dimensional  effects  for  different  plasma  energy 
levels.  Two-dimensional  effect  was  quantified  by  defining  a  relative  error  term  e\ 


e  = 


q’(2-D)-q'{\-D) 

q[2-D) 


xl00% 


(1) 


where  q”  is  the  calculated  radiant  heat  flux  from  inverse  algorithm.  Investigation  revealed 
that  the  Fourier  number,  based  on  gage  width,  is  an  important  parameter  for  calculating 
2-D  effect,  and  that  the  2-D  effect  is  largely  independent  of  the  nature  of  the  heat  flux 
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profile.  Further  discussion  of  the  inverse  formulation  and  computation  detail  are  reported 
elsewhere.13 


Fig  14.  Performance  of  one-  and  two-dimensional  inverse  data-reduction 
approach  for  estimating  radiant  heat  flux  from  a  7.5kV  (5.4kJ)  capillary  plasma. 


Table  3.  Relative  difference  between  the  1-D  and  2-D  algorithms  in  estimated 
heat  fluxes  for  different  charging  voltages  and  substrate  material. _ 


Charging 

Substrate 

e  at  peak  heat 

e  averaged  over  0 

Voltage  (kV) 

material 

flux  location  (%) 

to  500ps,  eav,  (%) 

2.5 

Polyimide 

5.23 

7.65 

4.0 

Sapphire 

22.60 

33.24 

5.0 

Sapphire 

19.14 

31.11 

7.5 

Sapphire 

17.47 

21.02 

Radiative  Ignition  of  Double-Base  Propellants 

After  the  gage  design  and  the  data  reduction  techniques  were  standardized,  further  studies 
were  undertaken  to  investigate  the  role  of  radiative  heating  in  ETC  ignition  of  transparent 
and  black  JA2  propellants.  Both  of  these  propellants  are  double-base  nitroesters 
containing  14.9%  nitroglycerine  (NG),  59.5%  nitrocellulose  (NC),  and  24.8%  diethylene 
glycol  dinitrite  (DEGDN).  Additionally,  black  JA2  contains  0.05%  of  carbon,  while  the 
transparent  JA2  is  carbon-free.  JA2  samples  (~75mg)  were  placed  in  an  ignition  chamber 
and  exposed  to  ETC  plasma  radiation.  Results  reveal  that  due  to  difference  in  radiative 
properties,  transparent  JA2  allows  radiative  flux  to  travel  deep  below  the  exposed 
surface,  generating  void  structures  that  are  absent  in  unexposed  samples.  Black  JA2, 
being  opaque,  absorbs  most  of  the  radiation  on  its  surface,  and  thus  produces  greater 
mass  loss  with  noticeable  change  in  surface  color.  Additionally,  during  the  ETC  exposure 
of  the  propellants,  the  pressure  rise  within  the  ignition  chamber  is  measured  as  well  as  the 
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generated  gas  is  collected  within  a  collection  chamber,  maintained  in  an  inert  (helium- 
argon)  atmosphere.  The  solid  propellants  as  well  as  the  collected  gas  samples  were 
analyzed  using  FTIR  spectroscopy  and  ToF  mass  spectrometry.  The  experiments  were 
conducted  up  to  30kJ  of  plasma  energy  level.  It  is,  however,  observed  that  the  propellant 
samples  never  reach  ignition  and  steady-state  combustion.  Figure  15  shows  the  pressure 
rise  within  the  ignition  chamber,  and  the  propellant  mass  loss,  when  black  JA2  samples 
are  exposed  to  ETC  radiation  of  varying  energy  levels.  Figure  16  shows  that  transparent 
JA2  samples  (0.50mg),  when  undergoes  rapid  thennal  decomposition,  produces 
substantial  amount  of  NO?. 


Fig.  15.  Chamber  pressure  variation  during 
confined  radiative  pyrolysis  of  black  JA2. 


Fig.  16.  Species  evolution  from  confined  rapid 
thermolysis  of  transparent  JA2  at  270°C  using 
FTIR  spectroscopy. 


Figure  17  shows  the  gas  phase  species  generated  during  ETC  radiation  exposure  of  the 
transparent  JA2  propellants.  Results  reveal  absence  of  NO?  and  H2CO  in  the  gas  phase 
species  irrespective  of  plasma  energy  level.  During  nitroester  decomposition,  N02, 
produced  during  the  primary  reversible  homolysis  reaction,  acts  as  an  autocatalytic  agent 
that  accelerates  the  initial  decomposition  reactions  leading  to  ignition,  and  consequent 
steady-state  combustion  of  the  propellant.  Additionally,  it  is  well  known  that  UV 
exposure  of  N02  results  in  UV-photolysis  that  breaks  down  the  N02  to  NO  and  O?.  UV 
radiation,  therefore,  prohibits  nitroester  propellant  ignition  through  UV  photolysis.  ETC 
plasma,  due  to  its  high  temperature  (~25,000K),  generates  substantial  UV  radiation.  It  is, 
therefore,  quite  likely  that  in  a  moderate  energy  ETC  gun,  radiation  alone  will  not  be  able 
to  ignite  the  propellant.  Further  details  of  the  UV-photolysis,  radiative  pyrolysis,  and 
rapid  thennal  decomposition  of  JA2  are  discussed  elsewhere.14  Additional  work  is 
cunently  underway  and  will  be  presented  at  the  next  JANNAF  meeting. 


17 


TECHNOLOGY  TRANSFER 

Throughout  the  project,  the  investigators  made  several  trips  to  ARL  at  Aberdeen  Proving 
Ground  and  made  presentations  on  our  progress.  We  are  grateful  for  the  feedback  from 
Drs.  M.  Nusca,  R.  Pesce-Rodriguez  and  R.  Beyer.  Dr.  K.  McNesby  also  received 
samples  of  our  heat  flux  gages.  Additionally,  Dr.  Beyer  of  ARL  has  kindly  furnished 
additional  components  to  the  electrical  discharge  circuit.  Propellant  samples  were 
shipped  to  us  by  Drs.  J.  Yu  and  S.  Ritchie  of  ATK. 
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